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Abstract Predicting potential changes in groundwater salinity in low-lying coastal regions due to
climate change is important, where coastal vegetation is abundant, succession competition between
halophytes and glycophytes plays a signiﬁcant role in the salinity budget. Sea level rise enhances
salinity intrusion, contributing an additional dimension to vegetation competition. A new simulation
model known as mangrove-hardwood hammock model coupled with saturated–unsaturated transport
(MANTRA) has recently been developed by the authors to simulate groundwater salinity regimes in
the presence of vegetation competition, subject to climate change. MANTRA is based upon linking
two existing Unites States geological survey (USGS) simulation models known as mangrove-hardwood
hammock model (MANHAM) and saturated–unsaturated transport (SUTRA). MANHAM simulates
the evolution of vegetation succession subject to changing groundwater salinity. SUTRA simulates
saturated and unsaturated transport of solutes and salinity in groundwater given sea salinity.
MANTRA improves the simulation robustness to simultaneously simulate groundwater hydrology,
salinity and coastal vegetation succession subject to sea level rise. Some simulation results will be
presented to demonstrate the impact of sea level rise on coastal vegetation succession and groundwater
salinity. c© 2013 The Chinese Society of Theoretical and Applied Mechanics. [doi:10.1063/2.1303201]
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I. INTRODUCTION
Climate change may bring about certain conse-
quences to the environmental conditions and ecologi-
cal systems in many parts of the world. It might alter
patterns of precipitation, causing changes to the hy-
drological regimes. In low-lying coastal areas, the pre-
dicted sea level rise might alter groundwater salinity,
inducing several associated alterations in coastal veg-
etation. The predicted climate change and its asso-
ciated environmental alterations may aﬀect biological
process rates, leading to fundamental shifts in some
coastal ecosystems. There have been some relevant
studies suggesting potential shift in vegetation compo-
sition due to salinity disturbance. For example, the
study by Baldwin and Mendelssohn1 concluded that
two adjoining plant communities, Spartina patens and
Sagittaria lancifolia, might shift to a salt-tolerant or
ﬂood-tolerant species, depending on the level of ﬂood-
ing and salinity at the time of disturbance. Howard and
Mendelssohn2 in their study on the recovery ability of
four species of marsh macrophytes from salinity pulses
suggests that permanent shift in species composition
may occur, depending on the severity of the short-term
salinity pulses. Further, various literatures have high-
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lighted the landward migration of mangroves as a result
of sea level rise.3–11 In this paper, we focus on simulat-
ing the impact of predicted sea level rise and associated
changes in precipitation patterns on coastal groundwa-
ter (GW) hydrology and vegetation competition in low
lying coastal regions and atolls, including south Florida
coastal forests as discussed by Saha et al.12 To pre-
dict coastal vegetation competition and succession be-
tween halophytes (salt tolerant) and glycophytes (salt
intolerant), the authors have previously developed a
simulation model known as mangrove-hardwood ham-
mock model (MANHAM), which has been successfully
used for simulating the competition between mangrove
(halophyte) and hardwood hammock (glycophyte) in
an environment of spatially and temporally varying
groundwater salinity in southern Florida.13,14 However,
it is desirable to develop the capability of simultaneous
simulation of vegetation competition and dynamically
changing groundwater regimes over spatial-temporal
scales. For this purpose, MANHAM must incorpo-
rate a dynamic sub-model for simulations of ground-
water salinity. On the other hand, Unites States geo-
logical survey (USGS) has developed a suite of simula-
tion models known as saturated–unsaturated transport
(SUTRA) to simulate saturated–unsaturated transport
of solutes in groundwater.15–17 However, SUTRA does
not have the capability to simulate vegetation compe-
tition. The newly developed MANHAM coupled with
SUTRA (MANTRA) provides the capability to simulta-
neously simulate subsurface hydrological environment,
032001-2 S. Y. Teh, H. L. Koh, and D. L. DeAngelis, et al. Theor. Appl. Mech. Lett. 3, 032001 (2013)
Table 1. Groundwater use in some USA states.18
State
GW use
intensity/
(m3·d−1·km−2)
Total GW
use/
(106 m3·d−1)
Percentage of
GW use to
total water
use
California 180 73 49
Hawaii 160 2.6 53
New Jersey 150 3 42
Florida 86 12 62
USA — 310 39
and vegetation competition, subject to scenarios of cli-
mate change. We succeeded in dynamically linking
MANHAM and SUTRA to allow robust simulations of
vegetation competition when the groundwater itself is
changing in elevation and salinity due to external forc-
ing such as tides, tsunamis and other storm surges. In
the following section, we provide a brief summary of
groundwater hydrology relevant to this development.
II. CONCEPTS OF GROUNDWATER HYDROLOGY
A basic review of groundwater hydrology relevant
to this paper is essential for linking SUTRA and MAN-
HAM. Vast storage volumes of water are available under
the ground for domestic, industrial and agricultural pur-
poses if the water is not contaminated by pollutant or
salt. Further, many streams and lakes are fed primarily
or in large part by groundwater, indicating the impor-
tance of groundwater as an essential resource. Ground-
water supplies almost 40% of non-saline water used in
some USA states (Table 1). In particular, the state of
Florida contains abundant groundwater resources, con-
tributing 1.2×107 m3/d of fresh groundwater, amount-
ing to 62% of the entire water usage. Hence the im-
portance of preserving and enhancing groundwater re-
sources is beyond doubts.
Water inﬁltrates through the ground surface and
percolates into the underlying strata, inﬁltrating ﬁrst
through an unsaturated zone en route to a saturated
zone below. The water table separates the two unsat-
urated and saturated zones. The pressure at the water
table is atmospheric. But there can be a capillary fringe
to which water will rise above the water table. This cap-
illary rise provides much of the soil moisture utilized by
plants. In ﬁne silty sands, the capillary rise can be as
high as 50 cm, while the rise in gravel is only 2 to 3 cm.
The water in this region ﬂuctuates in quantity and qual-
ity depending on uptake by vegetation and percolation
from inﬁltrated water. An aquifer is a water-bearing
structure consisting of rocks and/or soils that can re-
lease its stored water in suﬃcient quantity to make it
economically feasible to develop for water supply. The
aquifer can be either conﬁned or unconﬁned, depending
on whether or not a water table or free water surface
exists under atmospheric pressure. It is possible for a
groundwater aquifer to become overlain by imperme-
able material and thus be under pressure, in which case
it is known as a conﬁned aquifer. Wells drilled into
such conﬁned aquifers are called artisan wells, which
may provide free ﬂowing water. Three parameters are
of particular signiﬁcance to this paper: (a) storage coef-
ﬁcient S (dimensionless) (b) hydraulic conductivity K
(meter per day) and (c) hydraulic transmissivity T (me-
ter square per day).
The storage coeﬃcient S is deﬁned as the volume
of water that an aquifer releases or takes into storage
per unit surface area of aquifer per unit change in head
normal to that surface. For a vertical column of unit
area extending through a conﬁned aquifer, the storage
coeﬃcient S equals the volume of water released from
the aquifer when the piezometric surface declines a unit
distance. The storage coeﬃcient is therefore a dimen-
sionless quantity indicating a volume of water released
per volume of aquifer. Typical values fall in the range
0.000 05  S  0.005, indicating that large pressure
changes over extensive areas are required to produce
substantial water yields. A rule of thumb relationship
S = 3× 10−6 × b is often used to estimate S, where b is
the saturated aquifer thickness in meters. Storage coef-
ﬁcient can best be estimated from pumping tests of wells
or from groundwater ﬂuctuation in response to atmo-
spheric or ocean tide variations. Hydraulic conductivity
K is deﬁned as the volume of water (m3) transmitted
(at the prevailing kinematic viscosity) per unit time (d)
per unit area of cross section (m2) perpendicular to the
direction of ﬂow per unit of hydraulic gradient (dh/dL,
dimensionless, where L (m) is the length of ﬂow). The
units are K = volume/(time·area) = m·d−1, indicat-
ing that hydraulic conductivity has the units of velocity
m·d−1. Hydraulic conductivityK can vary signiﬁcantly,
depending on particle sizes (Table 2). Hydraulic trans-
missivity T is deﬁned as the volume of water transmit-
ted (at the prevailing kinematic viscosity) per unit time
per unit width of aquifer per unit of hydraulic gradient.
The units are T = volume/(time·width) = m2·d−1, in-
dicating that hydraulic transmissivity T has the units
of diﬀusion or dispersion m2·d−1. Note that T = Kb,
where b is the saturated thickness of the aquifer. We
nest present two simple analytical models to allow di-
rect and quick interpretation of groundwater hydraulic
responses subject to external tidal forcing.
III. ANALYTICAL MODEL FOR TIDAL INFLUENCE
A. Propagation of tidal signal
We ﬁrst provide a simple mathematical description
of changes in groundwater head h in response to tidal
forcing in a conﬁned aquifer. For simplicity, consider
the one-directional ﬂow in a conﬁned aquifer as shown
in Fig. 1. The diﬀerential equation governing the ﬂow
is
∂2h
∂x2
=
S
T
∂h
∂t
, (1)
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Table 2. Values of hydraulic conductivity and particle
size.18
Material
Hydraulic conductivity/ Particle size/
(m·d−1) mm
Gravel, coarse 150 16.0–32.0
Gravel, medium 270 8.0–16.0
Gravel, ﬁne 450 4.0–8.0
Sand, coarse 45 0.5–1.0
Sand, medium 12 0.25–0.5
Sand, ﬁne 2.5 0.125–0.25
Silt 0.08 0.004–0.062
Clay 0.000 2 < 0.004
where h is the rise or fall of the piezometric surface
with reference to the mean sea level, x is the distance
inland from the outcrop, S is the storage coeﬃcient of
the aquifer, T is transmissivity and t is time. The am-
plitude of the tide is h0 in meter (see Fig. 1). The
appropriate boundary conditions are h = h0 sin(ωt) at
x = 0 and h = 0 at x = ∞. The frequency ω is related
to the tidal period t0 by Eq. (2).
ω = 2π/t0. (2)
The solution of Eq. (1) subject to the above boundary
conditions is given by the formula
h = h0 exp[−x
√
πS/(t0T )] ·
sin
[
2πt
t0
− x
√
πS/(t0T )
]
. (3)
From Eq. (3), it can be seen that the amplitude hx of
groundwater ﬂuctuations at a distance x from the shore
equals hx = h0 exp[−x
√
πS/t0T ]. The time lag tL be-
tween the time series of ocean tide and the response of
groundwater at the location x is given by the formula
tL = x
√
t0S/(4πT ). This wave that propagates inland
has a travelling velocity of vw = x/tL =
√
4πT/(t0S)
and a wavelength of Lw = vwt0 =
√
4πt0T/S. The
amplitude decreases by a factor e−2π for each wave-
length. Water ﬂows into the aquifer during half of each
cycle and ﬂows out during the other half with a vol-
ume given by V = h0
√
2t0ST/π. The above analysis
is also applicable to a good approximation to water ta-
ble ﬂuctuations of an unconﬁned aquifer if the range
of ﬂuctuations is small in comparison to the saturated
thickness. The simple analytical formulation provides
a basis for the estimation of aquifer parameters such as
hydraulic transmissivity T .
B. Fresh water lens thickness
We consider a circular island of radius R (Fig. 2)
receiving an eﬀective recharge from rainfall at a rate
Range of fluctuation 2h
Piezometric surface
Confined aquifer
Ocean
Tidal range 2h0 
Mean sea level
x
Fig. 1. Groundwater level ﬂuctuations produced by ocean
tides in a conﬁned aquifer.
W . The outward ﬂow Q at location with radius r is
given by
Q = 2πrK (z + h)
dh
dr
, (4)
where K is the hydraulic conductivity and h and z are
deﬁned in Fig. 2. Noting h = (Δρ/ρ) z , with ρ the
density of sea water, and Q = πr2W , we have
zdz =
Wrdr
2K (1 + Δρ/ρ) (Δρ/ρ)
. (5)
Integrating and applying the boundary condition of h =
0 when r = R, we obtain
z2 =
W
(
R2 − r2)
2K (1 + Δρ/ρ) (Δρ/ρ)
. (6)
Thus, the depth z to salt water at any location x is a
function of the rainfall rechargeW , the size of the island
R and the hydraulic conductivity K. The thickness of
the fresh water lens is given by z0, obtained by substi-
tuting r = 0 in Eq. (6). It is clear from Eq. (6) that
the fresh water lens thickness is directly proportional to
the radius R of the circular island. In the scenario of
sea level rise, a small increase in sea level may produce
a signiﬁcant reduction in the value of R for low lying
atolls with mild slope. The implication is that the fresh
water lens may be signiﬁcantly reduced in its thickness.
This signiﬁcant reduction in fresh water lens dimension
poses severe threat to the livelihood of the residents in
low lying atolls.
IV. MANHAM + SUTRA = MANTRA
Sea level rise associated with global climate change
will increase the threat posed by storm surges to coast-
lines and islands. Further, tropical storms and mega
tsunami may inundate many coastal regions with large
volumes of highly saline sea water. There is a need
to understand and predict the consequences of a storm
surge or a series of storm surges on both the short-
term dynamics of salinity in the soil and groundwater of
an inundated area and the long-term ecological eﬀects.
The long-term eﬀects will be determined not only by
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Recharge rate W
Ground surface
Water table
Fresh water lens
Saline water
Interface
Ocean
R
h
r
z
Fig. 2. Fresh water lens in an oceanic island under natural
conditions.
the magnitude of the overwash, but also by the subse-
quent interactions between groundwater, tides, precip-
itation, and vegetation dynamics. Our overarching sci-
entiﬁc objective is to develop a quantitative understand-
ing on the potential consequences of climate change on
the availability and quality of water resources and the
subsequent vegetation distribution in space and time
in low lying coastal areas, with a particular focus on
atoll islands. For this purpose, USGS has developed
two simulation models namely MANHAM and SUTRA.
MANHAM is a simulation model for predicting the long
term evolution of coastal vegetation subject to inter and
intra species competition in an environment of chang-
ing salinity. In MANHAM, the biomasses of mangrove
and hardwood hammock are explicitly modeled with the
plants diﬀering in their ability to compete for light and
tolerances for salinity. Within each computational cell,
the vegetations interact both by shading of light and
altering the common salinity of the vadose zone. The
biomasses for hardwood hammock and mangrove at a
computational cell depend on the gross productivity,
respiration and litterfall of each plant. The mathemati-
cal equations used in MANHAM to describe the compe-
tition between hardwood hammock and mangrove are
available in Refs. 13 and 14. The salinity of the soil (va-
dose zone) in each spatial cell is determined by the dif-
ference between the precipitation, which brings in fresh
water, and the evaporation, and plant uptake of wa-
ter. The uptake of water (respiration) by the hardwood
hammock and mangrove species is given by the empir-
ical relations as a function of salinity. The MANHAM
model simulates the vadose or unsaturated zone of the
soil. It models movement of water and salinity in the va-
dose zone, as inﬂuenced by precipitation, tides, evapo-
ration, evapotranspiration of vegetation, and movement
of water upwards from the groundwater. It also simu-
lates the dynamics of the vegetation, including that of
competing vegetation types with diﬀerent salinity tol-
erance. However, it does not model the dynamics of
the groundwater underlying the vadose zone, which, in
coastal areas and atolls, typically consists of a fresh wa-
ter lens on top of deeper water with salinity levels close
to the neighboring sea water. This fresh water lens con-
stitutes an important component of the water balance
for the overlying vegetation through transpiration and
plays a key role on the salinity balance as well, which has
not been considered in the existing model formulations
of MANHAM. MANHAM assumes that the groundwa-
ter is a constant boundary condition. This assumption
of boundary constancy is certainly violated on small
atoll islands, in which tides cause diurnal ﬂuctuations
in groundwater, as may be seen from the discussion in
the previous section. Further, tsunami and storm surges
can cause major changes to groundwater salinity that
can last for years. SUTRA, on the other hand, simu-
lates variable-density groundwater ﬂow, and quantiﬁes
the hydraulic and salinity gradients in the freshwater–
saltwater transition zone associated with the fresh water
lens according to the following partial diﬀerential equa-
tion (7). This equation is solved numerically by the
ﬁnite element method(
SwρSop + ε
∂Sw
∂p
)
∂p
∂t
+
(
εSw
∂p
∂U
)
∂U
∂t
−
∇ ·
[(
kkr
μ
)
· (∇p− ρg)
]
= Qp. (7)
SUTRA has been successfully used to simulate salinity
intrusion due to tidal eﬀects in unconﬁned aquifers,19 in
salt marshes,20,21 in barrier islands due to overwash22
as well as in coastal region in India arising from hu-
man activities.23 Three-dimensional version of SUTRA
has also been applied on a coastal aquifer in southern
Oahu, Hawaii, USA.24 Therefore, the success in linking
MANHAM and SUTRA provides a new suite of simula-
tion models known as MANTRA to improve the calcu-
lation of vegetation-water-salinity interactions on atoll
islands, as well as other low-lying islands and coastal
areas.25 However, this initial success requires continuing
improvement to obtain a robust and better forecast of
the short- and long-term eﬀects of overwash events that
may result from tsunami or storm surge on a low-lying
island or atoll, and reﬁne our hypothesis that a regime
shift may occur. This MANTRA model will be driven
by both existing climate observations and projections
of climate change scenarios (Fig. 3). Another speciﬁc
objective is to develop and apply remote sensing meth-
ods for tracking possible vegetation regime changes on
atolls, small islands, and coastal areas, and for the cali-
bration and validation of MANTRA simulation models,
as well as for testing of our hypothesis regarding poten-
tial short- and long-term vegetation shifts due to cli-
mate change. Vegetation shift can pose serious threat,
both to groundwater supply as well as food crops.
V. APPLICATION OF MANTRA
MANTRA is designed for application to low-lying
coastal areas and atoll islands. Sea level rise (SLR) is
one of the most signiﬁcant predicted consequences of
global climate change and has the potential for severe
eﬀects on the vegetation of low-lying coastal areas, is-
lands and atoll islands.26 Rising sea level would also
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Climate forcing
prec/temp
WRF-ROMS
Rainfall
evaporation
Sea level
rise tides
Soil moisture Infiltration
Deep-rooted uptake
MANHAM
(Vegetation)
MANHAM
(Vadose zone)
SUTRA
(Groundwater)
Shallow uptake Discharge
Freshwater lens
Fig. 3. Linkage of the MANHAM model modules of vege-
tation and vadose zone hydrology and salinity with the SU-
TRA model of groundwater hydrology and salinity, driven
by dynamically downscaled climate variables.
mean higher storm surges, and potential increase in the
intensity and frequency of the storm surges. A calcula-
tion made by Ref. 27 indicates that the current 100-year
ﬂood levels will occur 3 to 4 times more frequently by
the end of the 21st century in the mid-Atlantic coastal
region. The impact of mean SLR will be a gradual
shoreline retreat and subsequent loss of ecosystem area
in these locations. However, large scale ocean water in-
trusion through storm surges may aﬀect large areas on
a short time scale, including the inundation of whole
low-lying atolls. The immediate eﬀect will be on the
fresh water lenses that sit on top of saline groundwa-
ter in these areas (see Fig. 2). Such eﬀects on avail-
able fresh water may have negative consequences for
the populations of coastal areas and, particularly, atoll
islands, as they depend critically on fresh water stored
in the lenses.28 In addition to the eﬀects on water qual-
ity, a less obvious eﬀect of SLR and the expected over-
wash events could be the short- and long-term eﬀects
on vegetation. Stable boundaries are often maintained
between halophytic and glycophytic vegetation by self-
reinforcing feedbacks, as each type of vegetation, once
established, tends to create vadose zone salinity condi-
tions that favor itself. If a large disturbance in soil salin-
ity overwhelms these feedbacks, even for a short period
of time, the boundaries may no longer be maintained;
that is, a type of regime shift can occur. Large areas of
fresh water vegetation may be replaced by halophytic
vegetation following tsunami or storm surge overwash,
which may lead to permanent salinization of the vadose
zone.
VI. MANTRA SIMULATION RESULTS
This section provides simulation results for analyz-
ing the competition between a halophyte and a glyco-
phyte in an environment of changing salinity due to cli-
mate change by means of MANTRA. Climate change
may induce changes to precipitations and sea level. For
Z
=
1
 m
X=2 m
0
.0
6
6
 m
10 539 m.L-1.s-2
Fig. 4. MANHAM–SUTRA computational domain con-
sisting of a cross section of 2 m horizontal width and 1 m
vertical depth.
Fig. 5. Distribution of hardwood hammock and mangrove
biomass after 27 years of simulation.
the sake of clarity and simplicity, a habitat consisting
of a line of length 2 m perpendicular to the coast is
chosen (Fig. 4). This may be thought of as a vertical
line section cutting across a uniform domain of inﬁnite
width. This habitat is then superimposed onto a 2-D
vertical cross section consisting of a vertical rectangle
of width 2 m and depth 1 m. This choice may seem to
be arbitrary, but is intended as a proof of capability.
The scaling up and other remaining details is straight-
forward and can be sorted out later. The computational
domain is discretized into 200 square ﬁnite elements of
dimension 0.1 m × 0.1 m. For clarity, we denote by X
the horizontal dimension and Z the vertical dimension.
We assume that the lens has a horizontal thickness of
1 m in the Y -direction. We assume further that there
is a constant ﬂux of fresh water from the left boundary
at the total rate of 0.066 kg/d evenly distributed along
the 11 boundary nodes. The right boundary is exposed
to a sea water intrusion with a salinity of 3.57%. The
simulation begins with fresh water in all computational
nodes except at the right sea boundary. Initial ran-
dom distribution of hardwood hammock and mangrove
biomass is employed in this simulation. The simulation
is run for 1× 104 d (about 27 years) with a time step of
Δt = 1 d.
A. Hypothetical scenario 1
Under hypothetical scenario 1, we assume that the
rate of fresh water inﬂow from the left land boundary
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Fig. 6. Salinity proﬁle in the X-direction at z = 0 m after
27 years of simulation.
0
.0
6
6
 m
10 539 m.L-1.s-20                       1
-0.1
-0.2
-0.3
-0.4
-0.5
-0.6
-0.7
-0.8
-0.9
-1.0
Period 10 000 concentration
0.035 091 6
0.031 616 4
0.028 138 1
0.024 659 8
0.021 181 6
0.017 703 3
0.014 225 0
0.010 746 7
0.007 268 5
0.003 790 2
0.000 311 9
Fig. 7. Computational domain showing the ﬁnite elements,
ﬂow velocity and salinity contours.
is 0.066 kg/d and that the sea salinity on the right
boundary is 3.57%. Figure 5 shows the ﬁnal distri-
bution of hardwood hammock and mangrove biomass
after 27 years of simulation, indicating the dominance
of mangrove biomass in the region with high salinity
(near to the coast). On the other hand, the dominance
of hardwood hammock biomass in the region with low
salinity (fresh water input) is indicated. The distribu-
tion of salinity at the surface Z = 0 m is demonstrated
in Fig. 6, indicating a maximum salinity of 1.2% at the
seaward boundary node. The salinity at the seaward
boundary nodes increases with depth due to increasing
salinity ﬂux with depth, as should be expected from the-
ory. Figure 7 demonstrates the computational domain
showing the ﬁnite elements, ﬂow velocity and salinity
contours. At the bottom of the simulated aquifer, salt
water intrusion dominates the fresh water inﬂow, push-
ing the salinity proﬁle landward. On the other hand, on
0   0.2  0.4  0.6  0.8  1.0  1.2  1.4  1.6  1.8  2.0
0    0.005    0.010    0.015    0.020    0.025    0.030     0.035
0
-0.2
-0.4
-0.6
-0.8
-1.0
Fig. 8. Salinity contours after 27 years of simulation.
Fig. 9. Distribution of hardwood hammock and mangrove
biomass after 27 years of simulation with 50% reduction in
fresh water inﬂow, showing landward migration of mangrove
biomass due to increased salinity.
Fig. 10. Salinity proﬁle in the X-direction at Z = 0 m after
27 years of simulation with 50% reduction in fresh water
inﬂow.
top of the simulated aquifer, the lower hydrostatic pres-
sure allows the fresh water ﬂow to dominate, resulting
in the salinity contour being pushed seaward. There is
a net inﬂow of fresh water into the aquifer, resulting in
a net ﬂow at the top of the seaward boundary. Figure 8
shows the salinity contours simulated after 27 years.
B. Hypothetical scenario 2
For the hypothetical scenario 2, we assume that the
fresh water ﬂow is reduced by 50%, due in part to cli-
mate change, while maintaining the sea level as before.
Figure 9 shows the impact of a 50% reduction in fresh
water inﬂow on the distribution of hardwood hammock
and mangrove biomass, showing landward migration of
0   0.2  0.4  0.6  0.8  1.0  1.2  1.4  1.6  1.8  2.0
0     0.005     0.010     0.015     0.020     0.025    0.030   0.035
0
-0.2
-0.4
-0.6
-0.8
-1.0
Fig. 11. Salinity contours after 27 years of simulation with
50% reduction in fresh water inﬂow.
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0
.0
3
 m
10 539 m.L-1.s-20                       1
-0.1
-0.2
-0.3
-0.4
-0.5
-0.6
-0.7
-0.8
-0.9
-1.0
Period 10 000 concentration
0.035 108 8
0.031 894 6
0.028 680 5
0.025 466 3
0.022 252 2
0.019 038 0
0.015 823 9
0.012 609 7
0.009 395 6
0.006 181 4
0.002 967 3
Fig. 12. Computational domain showing the ﬁnite ele-
ments, ﬂow velocity and salinity contours with 50% reduc-
tion in fresh water inﬂow.
0             0.5           1.0            1.5           2.0
Fig. 13. Final distribution of hardwood hammock and
mangrove biomass after 27 years of simulation, hypothetical
scenario 3.
mangrove biomass due to increased salinity. The in-
crease in salinity due to a 50% reduction in fresh water
inﬂow is clearly demonstrated in Figs. 10–12. The zone
of convergence between fresh water and salt water has
been moved further inland due to a 50% reduction in
fresh water input. The landward intrusion of saline wa-
ter can pose serious threats to population living along
low-lying coasts.
C. Hypothetical scenario 3
For the hypothetical scenario 3, we assume that the
fresh water ﬂow is maintained as in hypothetical sce-
nario 1 but the sea level is increased due to sea level
rise so that the pressure at each of the seaward nodes
is increased by 30%, according to the formulation of
MANTRA. Figure 13 shows the impact of sea level rise
on the distribution of hardwood hammock and man-
grove biomass, showing landward migration of man-
grove biomass due to increased salinity. The increase in
salinity due to this sea level rise is clearly demonstrated
in Figs. 14–16. The zone of convergence between salt
water and fresh water has been moved further inland
due to this sea level rise. This landward intrusion of
saline water poses threat to water resources along atolls
and low-lying coastal areas.
Fig. 14. Salinity proﬁle in the X-direction at Z = 0 m after
27 years of simulation, hypothetical scenario 3.
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Fig. 15. Computational domain showing the ﬁnite elements,
ﬂow velocity and salinity contours, hypothetical scenario 3.
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Fig. 16. Salinity contours after 27 years of simulation hypo-
thetical scenario 3.
VII. CONCLUSION
This paper has presented the development of a new
suite of simulation models known as MANTRA to sim-
ulate the impact of sea level rise on salinity intrusion,
on groundwater hydrology and on their associated im-
pact on vegetation shift. Three simulations have been
conducted on hypothetical scenarios of climate change
resulting in altered precipitation patterns and sea level
rise. There is a need to further enhance the robust-
ness of MANTRA as well as to improve on-site data
regarding sub-surface hydrology and vegetation ecosys-
tem to allow improved simulations. We plan to also use
remote sensing techniques to improve on-site data col-
lection, which will be pursued in the near future under
the sponsorship of USGS grant.
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